Abstract-There is an increased interest in detecting and estimating the amount of falling snow reaching the Earth's surface in order to fully capture the global atmospheric water cycle. An initial step toward global spaceborne falling snow algorithms for current and future missions includes determining the thresholds of detection for various active and passive sensor channel configurations and falling snow events over land surfaces and lakes. In this paper, cloud resolving model simulations of lake effect and synoptic snow events were used to determine the minimum amount of snow (threshold) that could be detected by the following instruments: the W-band radar of CloudSat, Global Precipitation Measurement (GPM) Dual-Frequency Precipitation Radar (DPR) Ku-and Ka-bands, and the GPM Microwave Imager. Eleven different nonspherical snowflake shapes were used in the analysis. Notable results include the following: 1) The W-band radar has detection thresholds more than an order of magnitude lower than the future GPM radars; 2) the cloud structure macrophysics influences the thresholds of detection for passive channels (e.g., snow events with larger ice water paths and thicker clouds are easier to detect); 3) the snowflake microphysics (mainly shape and density) plays a large role in the detection threshold for active and passive instruments; 4) with reasonable assumptions, the passive 166-GHz channel has detection threshold values comparable to those of the GPM DPR Ku-and Ka-band radars with ∼ 0.05 g · m −3 detected at the surface, or an ∼ 0.5−1.0-mm · h −1 melted snow rate. This paper provides information on the light snowfall events missed by the sensors and not captured in global estimates.
tions during severe snow events. In order to collect information on the complete global precipitation cycle, both liquid and frozen precipitation estimates must be collected for all ranges of precipitation rates.
While ground-based measurements provide information on falling snow and snow pack extent, depth, and snow water equivalent, they are fraught with uncertainties due to blowing snow, variations in snow particle densities, snow pack evolution, and general retrieval uncertainties. Ground-based radar and snow measurements are also limited to regions with such measurement devices, leaving vast oceanic and unpopulated areas bereft of falling snow and snow pack information. Satellitebased remote sensing currently provides global coverage of liquid (rain) precipitation [2] , [3] . There are several current satellite sensors that are capable of measuring snow from space. These include NOAA's Advanced Microwave Sounding Unit-B [4] and the Microwave Humidity Sounder [5] sensors (designed for water vapor profiling) and the CloudSat [1] , [6] radar (designed for estimating nonprecipitating cloud particle properties). The common feature of these sensors is their use of high-frequency (> 85 GHz) passive and active microwave and millimeter-wave channels that are sensitive to the scattering from ice and snow particles in the atmosphere. Sensors with water vapor channels near 183-GHz center line also provide an opaqueness to the Earth's surface features that can contaminate passive radiometer signatures, particularly over snow-covered surfaces [7] . In addition, the Global Precipitation Measurement (GPM) mission [8] scheduled for launch in 2014 is the first research satellite specifically designed to measure liquid rain (0.2-110 mm · h −1 ) and to detect frozen snow precipitation. Estimating falling snow from space still has challenges that exist although progress is being made [9] [10] [11] [12] [13] . These challenges include weak falling snow signatures with respect to background (surface and water vapor) "noise" for passive sensors over land surfaces and unknowns about the snowflake shapes and their particle size distributions (PSDs). Additional challenges include discriminating between precipitation that is reaching the ground and virga and limited ground truth to validate against. Knowledge of these challenges and the impact they have on expected retrieval results is an important key for understanding falling snow retrieval estimations including how much light precipitation is below detection thresholds of current and future sensors. In prior work, radar signatures of CloudSat and simulations of the GPM Dual-Frequency Precipitation Radar (DPR) were used to determine how much total accumulation might not be detected by the GPM radar sensors as compared to the CloudSat radar [14] . Also, in a companion study to this, observational data sets from Special Sensor Microwave Imager/Sounder and the ground radars have been used to quantify the fraction of precipitation that will be detected by the various GPM constellation passive microwave sensors over different surfaces [15] .
In this paper, the focus is to determine thresholds of detection for falling snow for various snow conditions over land and lake surfaces for both active and passive sensors. Our analysis confirms the radar results published by Kulie and Bennartz [14] and extends to passive sensors that are more prevalent on current satellite platforms. The investigation relies on simulated Weather Research and Forecasting (WRF) case study simulations of falling snow cases [16] . This paper begins by describing the selected WRF simulations, followed by the brightness temperature and radar reflectivity calculations for various assumptions about the snowflake particles in Section III. The thresholds of detection results are provided in Section IV, while the discussion and conclusions are found in Sections V and VI, respectively.
II. CASE STUDIES
It would be ideal to have case studies for all possible characteristics of global snow events; however, strong deep clouds such as blizzards are easily detected (e.g., [9] and [17] ). Conversely, extremely light polar "diamond dust" events (e.g., [18] ) have weak signal-to-noise ratios for passive instruments. This paper examines the more common snow events found in or near the regions of the U.S. and Canadian Great Lakes to determine if they are detectable.
At this time, it is impossible to measure in space and time all the information required to explicitly evaluate and validate spaceborne retrievals of actual falling snow rates. One would need microphysical details of the vertical profiles of the snow in the cloud column at fine horizontal scales, surface snow rates, surface information, precipitation fall speeds, wind speeds, snow particle shapes and composition, cloud water, and all relevant thermodynamic parameters of these quantities. Ground-based measurements and remotely observed data do not provide this level of information globally but, with the aid of numerical models, can provide enough detail in localized well-instrumented areas to evaluate and validate falling snow detection and estimation. Thus, in this work, we rely on simulated data from WRF model runs that were created in support of the Canadian CloudSat/CALIPSO Validation Programme (C3VP) field experiment [16] . Using the WRF models has the advantages of being able to provide both the satellite observations and the ground truth. The disadvantages of these models are the following: 1) that the model initialization, constraints, and particle partitioning prescriptions influence the resulting simulated hydrometeor microphysics and 2) that forward radiative transfer calculations with inherent assumptions must be employed to compute the simulated satellite observations. An advantage of using WRF models is that ice water content (IWC) at each layer is prescribed such that inherent errors in Z−IWC retrievals from actual observations do not introduce additional uncertainty [19] . In order to address unknowns such as particle shapes, we compute the brightness temperatures and reflectivities for 11 different nonspherical snowflake shapes [20] .
The WRF calculations employed herein are for simulated snow events in Canada. These simulations are of a lake effect snow event on January 20, 2007, and a synoptic snow event on January 22, 2007 [16] . The inner domain of the simulations is centered on a 5
• × 5
• grid 70 km north of Toronto, Canada, and has a 1-km horizontal resolution. A 3-D grid of temperature, pressure, water vapor, winds, nonprecipitating cloud water, rain water, nonprecipitating ice water, snow, and graupel is provided in the simulated data output. The simulations use the Goddard microphysical bulk scheme with one moment predicted [16] . The ice water path (IWP) (vertically integrated sum of the nonprecipitating ice water, snow water, and graupel water equivalent) of these events is shown in Fig. 1(a) and (b) . The models are initialized using the data from C3VP [21] taken prior to January 20, 2012. The simulation produced hourly output files with 3-D cloud data from 0000 coordinated universal time (UTC) January 20 to 2300 UTC January 22. The 0400 UTC January 20 was selected for the lake effect case, and the 0600 UTC January 22 was selected for the synoptic case because they were closest in time to the peak intensities of the actual snow events and to coincident satellite and/or aircraft observations. These two simulations provide general snow system features for lake effect storms (which deposit significant amounts of snow in narrow bands downwind of the Great Lakes) and synoptic snow storms (which deposit moderate amounts of snow over large regions). As will be shown in this paper, a larger IWP (such as in the lake effect event) and taller clouds (such as in the synoptic event) are easier to detect due to their stronger resultant signatures in the observed brightness temperatures. Radar detection thresholds are more insensitive to cloud characteristics, and the more important indicator is the instrument minimum detectable reflectivity signal. Fig. 1(a) shows the IWP for the lake effect snow event as modeled by WRF at 0400 UTC on January 20, 2007. The simulations show narrow bands of snow emanating from the Georgian Bay of Lake Huron. The IWP maximums are close to 6 kg · m −2 , and the near-surface IWC maximums are nearly 2.5 g · m −3 . The WRF snow bands are about 10 km wide and somewhat match those of nearby King City C-band groundbased radar images [ Fig. 1 January 20, 2007 [22] . In the WRF simulations, the lake effect system's cloud top ranges from 1 to 3 km with an average height of 2.3 km, and the average cloud IWC nearest the surface (for profiles with nonzero near-surface IWC) is 0.14 g · m −3 . Note that there is significant variability in the relationships between the IWP and the surface IWC as a result of differences in cloud depth and profile structure of the embedded IWC layers. This variability between IWP and surface IWC was also found by You and Liu [23] .
A. Lake Effect Snow Event
The surface features as prescribed by WRF for this time frame are shown in Fig. 2 . The surface temperature plot [ Fig. 2(a) ] shows significant variation over the land (∼260 K-272 K), while the temperatures over lakes are near 270 K-275 K due to more uniformity in lake water and for frozen lake surfaces. The surface type varies from water bodies, deciduous and evergreen forests, and crop and grass lands to urban areas [ Fig. 2(b) ]. Some of the land surfaces are snow covered [ Fig. 2(c) ] from prior snow events. These surface features are important because they affect surface emission measured as a source for passive microwave radiometers [24] and thereby contaminate/confuse the passive signatures from the falling snow. Fig. 1(b) shows the WRF 0600 UTC January 22, 2007, IWP for the synoptic snow which produced wide clouds of light-to-moderate falling snow. The IWP maximums reach only 1.5 kg · m −2 , and the near-surface IWC maximums are relatively low compared to the lake effect event at 0.8 g · m −3 . The WRF simulation at 0600 UTC is similar to that of the nearby King City C-band ground-based radar images [ Fig. 1(d) ] in terms of size and intensity as well as a nearby CloudSat overpass at 0733 UTC (Fig. 3) . Nearby ground station measured increases of daily SD of 3 cm, trace, and 2 cm for Egbert, Barrie, and Shanty Bay, Ontario locations, respectively, at the end of January 20, 2007 . According to the WRF simulations, the synoptic system's cloud top average height is 5.5 km, similar to the CloudSat image (Fig. 3) , and the average IWC at the surface is 0.13 g · m −3 . The surface features for this time frame are comparable to the lake effect surface type (Fig. 2) and with land surface temperatures varying by 15 K over the image range. The SD has changed considerably [ Fig. 2(d) ] due to the January 20 lake effect event with more than 820 pixels having SD greater than 20 cm, whereas for January 20, 2007, only seven pixels had SD greater than 9 cm.
B. Synoptic Snow Event

III. BRIGHTNESS TEMPERATURE AND REFLECTIVITY COMPUTATIONS
The radiative transfer equations rely on the planar-stratified multiple-scattering-based model described in [9] . These calculations are performed at the native resolution of the simulations (1 km) and for each of the ∼208 000 profiles in the WRF domain. Five hydrometeor categories are allowed in the radiative transfer calculations. The nonprecipitating cloud water and cloud ice particles are assumed to be monosdisperse Rayleigh particles having fixed particle size but variable number density to account for the total hydrometeor content (IWC) per layer.
A. Hydrometeor Properties
The five hydrometeor categories for the TB and Z calculations include cloud water, rain, cloud ice, snow, and graupel. Rain water is not present in these WRF snow simulations; however, cloud liquid water and cloud ice are present in the WRF data. In the WRF simulations, graupel IWC is minimal and, for purposes of TB and Z calculations, is combined with the snow IWC at each layer. Randomly oriented nonspherical particles from Liu's database [20] are used for these frozen particles. Liu's database provides absorption, scattering, asymmetry, and backscattering parameters over a fixed range of nonspherical radii for 11 different shapes, including long hexagonal columns, short hexagonal columns, block hexagonal columns, thick hexagonal plates, thin hexagonal plates, three-, four-, five-, and six-bullet rosettes, sector snowflakes, and dendrite snowflakes (for images, see [20] ). The rosettes, sector snowflakes, and dendrites have a variable density decreasing with increasing effective radius, where the density is defined by the effective sphere volume over the maximum dimension volume. The nonvarying density particles (hexagons) and the "filled" particles (four-, five-, and six-bullet rosettes) tend to have higher bulk particle densities when integrated over the PSD. The dendrite snowflake shapes are nearly 2-D in shape and have the lowest densities of ∼0.025 for particle sizes above 0.5 mm.
PSDs N (D) for these frozen particles are exponential
The Liu particles have fixed minimum and maximum size ranges. To ensure that the WRF IWC per layer is conserved, the approach was to fix Λ and adjust N 0 using
for each shape i and mass of particle m(D) using the methodology described in [7] . The original Liu particles have fixed equivalent radii ranging from ∼0.002 to 0.1 cm or nonspherical maximum values of 1.2 cm [20] . Because (2) does not extrapolate beyond the truncated Liu database sizes, these smaller particles will lead to two conclusions: 1) There will be less sensitivity to nonspherical particle shapes given the bias toward smaller particles, and 2) detection thresholds will be more conservative than if the particle size maximum was larger (in general, larger particles would cause higher Z and greater TB scattering depressions). For the Z and TB calculations, the same snowflake shape is used for all layers in a cloud. For the WRF data, falling snow can occur over lakes and snow-covered and snow-free surfaces.
B. Reflectivity Computations
For the reflectivity computations, we use the reflectivity equations found in [25] by Meneghini et al. These equations require backscattering and extinction cross sections of the snow and graupel particles as provided by the Liu database [20] . Attenuation coefficients for the cloud water and water vapor are also required to compute the attenuated reflectivities using the extinction cross section. These cross section coefficients are obtained as part of the passive brightness temperature calculations. Reflectivity range gates are assumed to be the layers of the WRF model vertical domain. No multiple scattering or surface clutter is included for the radar calculations used in this analysis. Nadir reflectivities were computed for all 11 Liu shapes at the Ku-, Ka-, and W-bands. Fig. 4 shows the reflectivity values at the gate nearest the surface (∼200-m altitude) for January 20 and 22, 2007, for the three-bullet rosette particle shape. These figures indicate the differences in Ku-, Ka-, and W-bands. As one might expect, W-band is more sensitive to smaller cloud particles and also attenuates where larger particles are present, whereas Ku-band is more sensitive to the larger particles. For the snowflake shape shown in Fig 
C. Brightness Temperature Computations
In addition to the atmosphere and cloud particle information described earlier, the passive brightness temperature computations also require surface emission and top-of-atmosphere (cosmic background) information. The surface emission results from surface characteristics as provided by the WRF simulations and include land surface temperature, land type, and SD (Fig. 2) . The base emissivities (ε base ) for cloud resolving model land-type classifications of urban, crop, grass, forest, and water were classified as bare soil, close stubble, close grass, evergreen forest, and water, respectively, and taken from [24] as described in [7] . The surface SD from WRF was used to linearly transition these base emissivities to the deep dry snow emissivities (ε base ) provided by [26] over SD's from 0 to 20 cm
Here, a 20-cm threshold is used to indicate that all low vegetation is covered by snow, and while arbitrary, there are only 0.4% of the January 22, 2007, pixels with SD greater than 20 cm and none on January 20, 2007. To account for additional variability and unknowns, a random emissivity component of ±0.02 was added to the prescribed emissivities for each profile. The emissivities (ε) for the land surface types and deep dry snow are frequency dependent. Surface emission is then ε * T surface weighted by a function of the atmospheric transmissivity.
Brightness temperatures were computed for the two WRF cases for all 11 Liu shapes for the GPM Microwave Imager (GMI) channels at 10-GHz vertical (V) and horizontal (H) polarizations: 19 V&H, 23 V, 37 V&H, 89 V&H, 166 V&H, 183 ± 3 V, and 183 ± 7 V GHz at a 53
• incidence angle at the model resolution (1 km × 1 km pixels). No antenna pattern convolution or field-of-view averaging was used in these calculations other than the slant path through plane parallel layers of the atmosphere at the 53
• incidence angle. The brightness temperature calculations incorporate multiple scattering between cloud layers [27] .
The resultant TB images for the three-bullet rosette particle shape are shown for selected channels of January 20, 2007, in Fig. 6 and selected channels of January 22, 2007, in Fig. 7 . These images show the increasing sensitivity to falling snow cloud structures over land and lakes as the frequency increases. The surface features (e.g., edges of lakes and different vegetation types) appear in all channels until the vertically polarized channels at 89 GHz and higher. This is important because clearair conditions over certain surfaces can have similar brightness temperatures as falling snow cases (e.g., 166 H GHz: small lakes in upper right have the same TB as falling snow). Thus, it is important to show when and how variations in surface properties impact the TB values (see [7] ).
Another interesting feature in Fig. 6 is that the low-frequency horizontally polarized channels are not so sensitive to the falling snow over cold ice-free lake surfaces, but depending on the channel (e.g., 37 GHz), they can be sensitive to falling snow signatures over the warm emissive (nonsnow covered) land surfaces (e.g., southeast of Lake Huron). This is due to the fact that water surfaces are more reflective (less emissive). The reflective lake surfaces at H-polarization tend to allow downwelling cloud/atmospheric radiance or cold cosmic background radiance to be reflected back up to the downwardlooking sensor, and consequently, the TB over the lakes remains low for both snow-free and snowing cases. Over land surfaces, there is the strong contrast between the warm emissive surface and the cooling from snow cloud scattering. For more reflective snow-covered land surfaces (e.g., upper right of images), the land surfaces with clear air overhead have similar TB as falling snow cases at 37 GHz. Fig. 7 shows the results for the January 22, 2007, synoptic snow case for Liu's three-bullet rosette snow shape [20] with selected vertically polarized channels. The vertically polarized channels are much less sensitive to surface features. Observed at an oblique incidence angle, emission from water surfaces tends to exhibit strong linear polarization, with the vertical water emissivity component having a higher emissivity than the horizontal component at high frequencies. Thus, there is no evident land-to-water contrast at 89 GHz and higher for V-polarization. Of course, comparing V-and H-polarizations at the same frequency, one can usually quickly distinguish the difference between water and snow-covered land, provided that emission from the surface is reaching the radiometer (e.g., 166 H in Fig. 6 versus 166 V in Fig. 7) .
Over the land surface, the emissivities used in this analysis are not dependent on viewing angle and polarization, although, in reality, there are weak polarization differences particularly for snow-covered surfaces. While Figs. 6 and 7 are for selected frequencies of the two January days, the discussion regarding V and H and land versus lake is applicable for both days.
For this analysis, we also compute clear-sky brightness temperatures (TBca), wherein no precipitation or cloud water is included in the forward model calculations. The perturbations of brightness temperatures (TBsnow) with snow hydrometeors minus the TBca signatures
are fitted to the columnar IWP over all 11 Liu shapes as shown in Fig. 8 . These plots indicate the variations in TB versus IWP due to changes in snowflake shape and size distribution. These At the lower frequencies (not shown in Fig. 8 ), the contrast of ice scattering is minimal (as also described for Figs. 6 and 7), and the maximum ΔTB perturbations at 1-kg · m −2 IWP are 1 K, 5 K, 7 K, and 15 K for 10, 19, 23, and 37 GHz, respectively, for these TB's at 1-km resolution. These relatively low perturbations for the lower frequency channels indicate their insensitivity to falling snow and to the snowflake shape, and this also holds true for the Ku-band reflectivities at 13.6 GHz. In fact, at these low frequencies, spherical snow particles may suffice. However, for higher frequencies, the perturbations quickly become more pronounced reaching a maximum perturbation of 100 K at 89 GHz [ Fig. 8(a) ] and 80 K at 166 GHz for an IWP of 1 kg · m −2 [ Fig. 8(c) and (e)], implying that these channels are more sensitive to lower IWP amounts. Fig. 8(f) shows the 166 V curve fit from the synoptic snow case of January 22, 2007, case to correspond to the 166 V of lake effect snowfall case of January 20, 2007 [ Fig. 8(e) ]. This comparison shows that the ice-water content range in the lake effect profiles is greater than that in the synoptic profiles and has a significant effect on the computed brightness temperatures as scattering reaches saturation. It is notable that there are standard deviation spreads of up to 100 K between the 11 nonspherical Liu shapes for a single fixed IWP value. The least dense snowflake shapes (sector snow and dendrite snow) have rather reduced ΔTB in comparison with the other shapes because of their reduced scattering. Furthermore, denser snowflake shapes tend to cause more scattering for the same IWP until, at some point, scattering reaches saturation. These all add a level of complexity to any retrieval where the specific shape(s) of the snowflakes is(are) not known.
IV. THRESHOLDS OF DETECTION
In order to determine what a satellite sensor might be able to detect in terms of lake effect and synoptic falling snow events, the active and passive signatures are analyzed. For active radar observations, the system noise is generally well known from hardware specifications, and the minimum detectable reflectivity at a given range can be calculated accordingly. Therefore, the minimum detectable snowfall rate depends only on attenuation (which is minimal at Ku-and Ka-bands) and the reflectivity-snowfall rate relationship. Determining detection thresholds for passive sensors requires ingenuity because the "noise," in addition to the instrument component, is largely geophysical. Because the nature of this noise, which includes surface and atmosphere emissions, is highly variable, robust globally applicable passive falling snow algorithms are still in development. For this work, the ΔTB's from clear air are used in assessing what snow events can be detected.
A. Active Sensor Methods
The CloudSat radar at W-band has a minimum detectable signal (MDS) of ∼ −30 dBZ, whereas GPM's DPR is designed to have minimum detectable reflectivities of 17 dBZ for the Ku-band and 12 dBZ (in high-sensitivity sampling mode) for the Ka-band [8] . In the case of CloudSat, the −30-dBZ MDS [1] is mostly for detecting nonprecipitating cloud particles; for precipitating snow, a threshold of −15 dBZ is used [14] . Technically, this means that CloudSat can "detect" even nonprecipitating snow; however, at higher precipitation rates, CloudSat suffers from attenuation and multiple scattering thereby limiting the maximum precipitation rates retrievable from CloudSat. On the other hand, the GPM Ku-band radar cannot sense the lowest snow rates because of its 17-dBZ minimum detectable reflectivity but can detect much higher snow rates than CloudSat's W-band radar. The instrument minimum reflectivities in conjunction with Fig. 5 lead to the detection of surface IWC of varying values for the different Liu shapes as reported in Table I . While these results are for surface IWC, radar reflectivities exist at each cloud layer range gate, and the values provided in Table I are usable at any vertical range gate reflectivity. The results presented in Table I are applicable for both the January 20 and 22 cases.
The detectable IWC reported in Table I are assumed to be not sensitive to surface clutter conditions or to the intervening precipitation between the top of cloud and the surface because they are provided for unattenuated surface reflectivities. PIA values are a function of at least the snowflake shape, operating frequency, and snow storm macro characteristics (e.g., IWP and [29] . For W-band, attenuation may not be entirely removable with attenuation correction techniques (e.g., [25] and [28] ), thus degrading the thresholds of surface snow detection for the W-band radar.
B. Passive Sensor Methods
With passive sensors, there is not a direct relationship between surface IWC and the observed set of TB's; instead, the TB's are dependent on the surface and integrated atmospheric and cloud properties as described by the weighting vector (e.g., [7] , [9] , and [27] ). Global falling snow retrieval algorithms are still maturing; therefore, a general method for determining thresholds of detection is implemented for this analysis. The method uses expected variations in the clear-air surface and environmental atmospheric water vapor profiles, channel by channel to provide a background clear-air TB (TBca) to compare against "observed" TB (TBsnow) for snowing cases, e.g., (4) . When the ΔTB is statistically significant, e.g., above the clear-air unknowns (as described hereinafter), the snow is considered detected. This method allows for improved performance when the clear-air surface and atmospheric parameters are well known. Alternatively, instead of computing TBca, one could use long-term satellite records of clear-air observed TB from space at specified latitude/longitude/monthly grids.
For the TBca, unknowns about the surface emission and vertical relative humidity (RH) profiles are estimated. Surface emission, as observed from a downward-looking satellite, is essentially a product of the emissivity and surface "skin" [32] ). In order to address the greater uncertainty for snow-covered surfaces, the emissivity error is assumed to be double the 0.01 value. At the GMI frequencies, emissivity varies from the low end of ∼0.5 to 0.6 for reflective surfaces of water, to ∼0.7 to 0.8 for snow-covered surfaces, and to 0.99 for heavily forested areas [24] , [26] . In order to obtain an emissivity with error ±0.02, climatology (i.e., vegetation type) plus some real-time ancillary data (i.e., snow-covered surfaces) is needed. To determine how the ±0.02 error in emissivity impacts the error in clear-air TB values, TB was computed using a clear-air standard atmosphere winter profile [33] with a surface temperature of 290 K. The 290-K surface temperature, while not indicative of snowing events, generated the largest changes in clear-air TB values due to the multiplicative effects of surface emission being a function of emissivity and surface temperature. The values of these surface unknowns in clear-air TB are provided in Table II and are not dependent on the starting emissivity value. Similarly, land and lake surface skin temperature is allowed to vary (be unknown) by ±2
• C which is double the rms error for global retrievals [31] , [32] , [34] . For these TB calculations, the emissivity was fixed at 0.98, and the surface temperature varied by ±2
• C for a winter standard atmosphere profile with the results provided in Table II . The effects of surface emissivity and surface temperature for each channel are used to determine expected potential errors in the clear-air TB calculations that can then be used in threshold analysis.
Since the higher frequency sounding (183 GHz) channels are sensitive to water vapor in the vertical column, an assessment of channel sensitivity to clear water vapor variations is also performed. The TB differences between standard winter and summer standard atmosphere profiles are used because they represent nearly maximum opposite conditions in the T and RH profiles. The TB's were calculated for a surface temperature of 273 K and emissivity of 0.98 for the winter and summer clearair standard atmospheres. These TB perturbations for the T and RH profiles are also provided in Table II . Assuming additive uncorrelated errors between these unknowns, thresholds of detection (difference between "clear air" and "observed" TB's) cutoff points for the various channels are set at −16 K, −17 K, −16 K, −18 K, −17 K, −22 K, −6 K, and −16 K for 10, 19, 23, 37, 89, 166, 183 ± 3, and 183 ± 7 GHz, respectively. The cutoff points are negative because we use the expression from (4) where the scattering from the frozen snow causes a decrease in brightness temperature relative to clear air.
The curve fits for the various shapes shown in Fig. 8 are used to determine thresholds of detection for the cutoff points (Table II) . The results for the TB thresholds of IWP detection for the January 20, 2007, lake effect case are provided in Table III (1.5 kg · m −2 ) to be detected due to the lack of the precipitating snow signal in these channels, and over lake surfaces, these channels do not detect falling snow at all. The minimum IWP detected is at 166 V GHz where an IWP of 0.07 kg · m −2 can be detected for the hexagonal column snowflake shapes. The average IWP detected over all 11 shapes for the January 20, 2007, and selected frequencies is also provided at the bottom of Table III . Table IV provides the thresholds of detection for IWP of the January 22, 2007, case. The synoptic snow results in Table IV are different than the lake effect snow case because, even for the same IWP, the composition of the snow (IWC, cloud water, water vapor, etc., in each layer) and depth of the cloud affect multiple scattering between the layers. Thus, there is not a one-to-one relationship between a single IWP value and ΔTB perturbation, even for the same surface conditions. For the synoptic snow case and channels between 10 and 23 GHz, falling snow is not detected over land or lake surfaces. At 37 GHz, the IWP must exceed 1.2 kg · m −2 to be detected using the threshold cutoffs from Table II. The most apparent difference between the lake effect and synoptic snow detection performance is at 183 ± 3 GHz where there is a lower IWP detection ability for the taller synoptic clouds as compared to the lake effect shallow snow clouds. This is because the 183 ± 3 GHz channel's weighting function generally peaks higher in the atmosphere and becomes more sensitive to clouds with high cloud tops. Tables III and IV show that there are differences in detection ability over land surfaces as compared to over the lake surfaces. This is a result of the fact that the lakes are more reflective and can cause downwelling cloud radiation to be reflected back into the down-looking radiometer, essentially enhancing the atmospheric signal in the TB values. In addition, the lake surfaces are polarized creating different responses as sensed by the radiometer. The results in Tables III and IV show that the V-polarizations are better able to detect lower IWP over the lakes. Since the V-polarization has higher emissivity over water, it provides more contrast for the upwelling ice scattering signal.
These reported thresholds of radiometer detection are both best case and worst case scenarios. They are best case in terms of resolution: 1-km WRF resolution is used instead of the GPM satellite data, i.e., the footprint resolutions (∼5 km for the higher frequencies sensitive to falling snow [8] ). At satellite resolutions, averaging over surface features, falling snow structures, and snowflake microphysics will cause unknowns TABLE III  MINIMUM DETECTABLE IWP IN KILOGRAMS PER SQUARE METER FROM PASSIVE CHANNELS FOR JANUARY 20, 2007, USING TABLE II THRESHOLD  CUTOFFS. EMPTY CELLS INDICATE THAT FALLING SNOW WAS NOT DETECTED FOR THAT CHANNEL AND SNOWFLAKE SHAPE to increase. However, at satellite footprints, it is the extremely high snow rates that would typically average out. Our analysis shows that the detectable IWP's are comparable for a 1 km × 1 km versus a 5 km × 5 km footprint. The results are also worst case in that they do not use all available information (e.g., falling snow correlations among multiple channels). By combining channels, using more sophisticated falling snow retrieval algorithms, and/or reducing clear-air unknowns, these thresholds will certainly decrease such that lighter snow events can be reliably detected from passive sensors in space.
V. DISCUSSION
There are several follow-on discussion topics regarding this threshold of detection analysis. First, a comparison between active and passive values of the thresholds of detection is needed. Next, conversion of the detected IWC into an estimated snow rate is provided. Third, the effect of uncertainties and sensitivities associated with the microphysics (shapes and PSDs) on the detection thresholds is described. Finally, a discussion is presented on how the analyzed thresholds change for different instrument specifications and algorithm improvements.
A. Active Versus Passive Thresholds of Detection Comparison
Active and passive instruments fundamentally measure falling snow in different ways. Active sensors are able to measure IWC at each layer (radar range gate) in the cloud, while passive sensors can only sense IWP throughout the column. For passive sensors, the detected IWP must be properly distributed throughout the vertical column. Using the WRF profiles as a statistical guide, roughly 25% of the total IWP resides in the lowest 500 m of the profile for both the lake effect and synoptic snow events. Hence, the expression for conversion of passive IWP to surface IWC is IWCsurface = 0.25 * IWP.
Using this, the 89, 166, and 183 ± 7 GHz can detect over land "near-surface" IWC for 2.3-km-tall lake effect snow events with minimum IWC ranging from 0.04 to 0.6 g · m −3 (see bottom of Table III) for the various shapes. Similarly, for the synoptic case, the channels can detect land surface IWC's of 0.07-0.3 g · m −3 (see bottom of Table IV ). The lowest detection limits for 166 GHz are comparable to the averaged snow detection IWC levels of Ku-and Ka-bands of the GPM DPR radar (Table I) . Meanwhile, the CloudSat W-band outperforms all radiometer channel detection investigated in this work primarily because the CloudSat instrument has a low value of the minimum detectable reflectivity, although the W-band surface IWC retrievals are negatively impacted by surface clutter and poor attenuation correction in a highly attenuating situation. We note that knowing detection thresholds for passive-only spacecraft is important due to the prevalence of spaceborne precipitation radiometers as compared to limited precipitation radars.
B. Conversion to Snow Rate
Near-surface IWC (2) is related to the falling snow rate, although the assumptions required to convert IWC to snow rate are complex for the various shapes. These assumptions include snow density, snowflake shape, melting fraction, and fall velocity, among others. Herein, the snow rate relationship in millimeters per hour is defined by
where D is the maximum dimension of the snow particle, i indexes shape, m i (D) is the mass of the individual Liu snowflakes,
is the PSD, and ρ w is the density of water [14] . The N i (D) is determined as described in [7] . For V i (D), relationships in [14] , [35] , and [36] were used appropriately for the Liu hexagonal plates, columns, the bullet rosettes, the sector snow, and the dendrites. For the Ku-, Ka-, and W-band radars, the averaged surface IWC's of 0.052, 0.041, and 0.002 g · m −3 (Table I ) detected are converted to melted snow rates of approximately 0.1-0.5, 0.1-0.4, and 0.01-0.02 mm · h −1 , respectively. The detected snow rates reported in [14] are, in general, slightly higher; however, Kulie and Bennartz [14] account for surface clutter that is not included in this analysis.
For the passive brightness temperatures, using the various V (D) relationships on the surface IWC (obtained using (5) as described in Section V-A) provides a range of melted snow rates detectable by each frequency for each event type. Focusing on the 166 vertically polarized channel over lakes, the minimum detected snow rate for the lake effect case is 0.03 mm · h −1 for the block hex column snowflake shape using [36] V (D) for plates, bullets, and columns, whereas the [14] V (D) requires the highest snow rate for detection of 1.5 mm · h −1 for the dendrites. Similarly, for the 166 V and synoptic case, the minimum snow rate detectable is 0.07 mm · h −1 (for block hex columns) and the V (D) in [36] , while the maximum required for detection is 1.2 mm · h −1 for sector and dendrite snowflakes. The caveat with snowfall detection rates down to 0.03 mm · h −1 for the GMI passive radiometer at 166 V is that the GPM Core satellite was designed with the requirements to estimate rain rates down to 0.2 mm · h −1 . Instead of fully accepting the 0.03-mm · h −1 detection rate, it is more likely that there are uncertainties in V i (D) along with the m i (D) and N i (D) associated with each snowflake shape. In addition, the plate and column shapes (where the minimal snow rates are detected) tend to have more scattering [20] and hence lower ΔTB values than the fluffier bullet, dendrite, and sector snowflake shapes. Conservative rates of detecting snow rates of 0.5-1.0 mm · h −1 are more realistic with minimums down to 0.2 mm · h −1 under ideal assumptions. These numbers are consistent with those in [14] and [15] . It is important to note that liquid equivalent snow rates of 0.5-1.0 mm · h −1 should be multiplied by 10-20 to get an estimate of fluffy snow rate. Thus, detection at 166 V would be about 5-20 mm · h −1 in fluffy snow accumulation.
C. Effects of Snowflake Shapes and PSDs
The results reported in Figs. 5 and 8 and Tables I, III , and IV show the variability of the active and passive detection thresholds for IWC using the 11 Liu [20] shapes. In summary, at Ku-, Ka-, and W-bands, detected IWC can vary due to the snowflake shape by the amounts of 0.05, 0.13, and 0.002 g · m −3 , respectively (see Table I ). The Ka-band shows the most variability because it is sensitive to both large and small particles, whereas Ku-band is more sensitive to large particles and W-band is more sensitive to small particles. For the radiometer results and the January 20, 2007, case (Table III) , among the 11 shapes, we see the most variation in detection thresholds at 89 GHz where there is nearly a 1.3-kg · m −2 difference in the IWP detected between the more dense block hexagonal column (shape #3) and the less dense dendrite snowflake (shape #10). For January 22, 2007, the results are similar in that 89 GHz shows a difference of about 1.0 kg · m −2 ; this time, it is between the block hex column and the sector snowflake.
Another effect investigated involves the sensitivity to variations in the PSD defined by (1) and (2) . In order to test the sensitivity of this N (D), the Λ was adjusted by ±25% with the results shown in Fig. 9 . This figure shows that reflectivities can vary by 5-10 dBZ at the lowest IWC (∼200 m above the Earth's surface) and that TB's can change by ∼5 K-10 K for the ±25% adjustments. While these do not appear to be large variations in the TB and Z, they could represent significant departure from detection thresholds for the distinct radar instrument minimum detectable Z and for the radiometer for the ΔTB perturbation limits given in Table II .
This means that realistic shapes and sizes of falling snowflakes and/or aggregates must be determined for forward radar modeling of snow events and to enhance and improve falling snow retrievals. While realistic shapes and PSDs of individual particles at a microphysical scale are important, bulk cloud layer scale scattering properties are critical in furthering our understanding of the relationships between the physical and radiative properties of snowflakes.
D. Applicability Beyond the GPM and CloudSat
Measuring the total global snow accumulation amounts requires detecting snow rates as low as feasible under technical and budget limitations. Kulie and Bennartz [14] have projected that approximately 80% of the total global snowfall accumulation will be missed by the GPM radars (as compared to the CloudSat radar). In this section, we explore how improvements in instrumentation or reducing clear-air unknowns would improve snow detection at low rates.
For the radar cases shown in Fig. 10 instruments is not always practical; scanning radars such as the ones on GPM's DPR do not have the dwell time nor sampling rates that allow for the lower MDS such as that found on the nonscanning CloudSat radar. Combining channels on the DPR using the dual-frequency ratio allows for more explicit particle size (and possibly shape) information to be determined from the radar system. When analyzing every point in the ΔTB space, Fig. 11 shows the total variability including that from the snowflake shapes and from varying IWC profiles plotted along with standard deviation error bars. Because the storm structures (cloud top heights and IWP) were so different for the January 20 and 22, 2007, cases, Fig. 11 separates the plots for these two days as well as for the vertically and horizontally polarized channels. From these plots, it is obvious that the better the background (clear air) TB is known, the lower IWP that can be detected with the ΔTB. For example, if the background TB was known to within 10 K of the truth for all channels, the average IWP's detected for the January 20, 2007, lake effect event would drop , and 183 ± 7 GHz, respectively. These reduced thresholds using TB differences of 10 K represent up to one-half of the value of the original thresholds (provided in Tables III and IV) using the TB threshold cutoff differences provided in Table II . These reduced thresholds of ∼ 0.2 kg · m −3 for lake effect at 166 V convert to a snow rate range of 0.1-0.5 mm · h −1 which are much closer to the average global conditional snowfall rates of 0.3 mm · h −1 [14] . Fig. 11 is also important in that the standard deviations for each frequency are extremely large. The combined effects of profile variability and the different snowflake shapes cause large perturbations in the forward radiative transfer TB calculations. These uncertainties in ΔTB will propagate to uncertainties in falling snow detection. Furthermore, it is noted that this analysis is performed on the full 1-km resolution of the WRF data. Averaging over the ∼5-km footprints of the high frequencies of the GMI convolves the variability of the signal affecting the relationships such as that shown in Fig. 8 at the highest IWP where the extreme snow rates are averaged out. However, convolved GMI footprint results also show that the ΔTB curve fits at lower IWP do not change much and that the detectability remains remarkably the same for 1-versus 5-km resolutions.
VI. CONCLUSION
This paper has presented thresholds of detection for falling snow from active and passive spaceborne sensors based on WRF simulations of lake effect and synoptic snow cases. Active radar calculations simulating the CloudSat and GPM DPR radars are included with passive radiometer calculations simulating the GPM GMI radiometer. Eleven different nonspherical snowflake shapes were incorporated into the detection analysis. The detection thresholds for IWC (IWC-radar) and IWP (IWP-radiometer) are reported herein and related to a common snow rate.
For active radars, the thresholds of layer-by-layer IWC detection were simply determined from the MDS of the instrument (assuming that the radar attenuation can be removed). Averaging over the 11 Liu shapes gives an average detectable surface IWC for the Ku-band (17 dBZ), Ka-band (12 dBZ), and W-band (−15 dBZ) of 0.052, 0.041, and 0.002 g · m −3 , respectively. The difficulties with removing attenuation and surface clutter for W-band observations may reduce its detection capabilities. Passive sensors are sensitive to the IWP as well as the surface and background characteristics. We removed background "contamination" from the TB values by subtracting out clearair TB and setting "difference" detection thresholds based on expected errors in the clear-air TB due to unknowns in the surface emission (as well as unknowns in temperature and RH profiles for channels sensitive to those features). Depending on how well the background is known, threshold cutoffs were determined leading to specific IWP's detected by each channel of the GMI. In summary, the minimum IWP detected was 0.07 kg · m −2 for the lake effect case and 0.13 kg · m −2 at 166 V for the synoptic event. With the average cloud tops for these two events, the IWP-to-IWC conversion of (5) leads to detected IWC's of 0.02 and 0.03 g · m −3 . Additional analysis revealed several interesting key points.
1) The assumed snowflake shape and the PSDs for the 11 shapes play a large role in the detectability of the falling snow because the shape affects the radiative properties for both active and passive calculations.
2) The macrophysics of the cloud structure (cloud top height, the IWP, and the distribution of IWC or snow in the profile) affects the resulting thresholds of detection, particularly for the passive sensors: Taller clouds and larger IWP are more easily detected.
3) The passive 166-GHz channel has detection threshold values comparable to the GPM DPR Ku-and Ka-band radars. The 166-GHz Ku-and Ka-band detection value is about 0.04-0.07 g · m −3 , or ∼ 0.5−1.0-mm · h −1 melted snow rate. This amounts to about 0.5-2-cm · h −1 fluffy snow rate. 4) The W-band radar outperformed all other sensors with detection thresholds an order of magnitude lower than the other radar channels and the passive channels; however, W-band is more susceptible to attenuation, multiple scattering, and surface clutter. 5) The surface type (lake versus land) affects the passive thresholds of detection with vertical polarization over the lakes having the lowest detection values.
Because oceans are similarly reflective and polarized, the radiometer results are expected to extend into oceanic regions although slightly different emissivities result from the changes in water salinity. We also note that the WRF simulations have a limited lake temperature range (270 K-275 K), no lake ice, and no snow-covered lake ice, thus reducing the applicability to other water or sea ice surfaces.
Understanding falling snow detection thresholds is important because it constrains the level of effort applied toward developing algorithms to detect and estimate feasible falling snow rates.
We note that knowing detection thresholds for passive-only spacecraft is important due to the limited radar sensors in space. This work presents expected falling snow thresholds for radars with reduced MDSs or when more information is known about the background TB. The use of multiple channels in retrieval algorithms has the potential to reduce the uncertainties assumed here by simultaneously retrieving surface and atmospheric parameters and improve the thresholds reported herein.
